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1. INTRODUCTION
Asteroids or comets striking a planetary surface at very shallow
angles produce elliptical-shaped craters. According to laboratory
impact experiments (D. E. Gault and J. A. Wedekind 1978, Proc.
Lunar Planet. Sci. Conf. 9th, 3843–3875), elliptical craters result
from impact angles within ∼5◦ of horizontal and less than 1% of
projectiles with isotropic impact trajectories create elliptical craters.
This result disagrees with survey results which suggest that approximately 5% of all kilometer-sized craters formed on Mars, Venus,
and the Moon have elliptical shapes.
To explain this discrepancy, we examined the threshold incidence
angle necessary to produce elliptical craters in laboratory impact
experiments. Recent experiments show that aluminum targets produce elongated craters at much steeper impact angles than sand
targets. This suggests that target properties are as important as
the projectile’s impact angle in determining the eventual ellipticity
of the crater. Creating a model which interpolates between impact
data produced using sand and aluminum targets, we derive a new
elliptical crater threshold angle of 12◦ from horizontal for Mars,
Venus, and the Moon. This leads to a predicted proportion of elliptical craters that matches observations within uncertainty given a
random projectile population. We conclude that the observed proportion of elliptical craters on these bodies is a natural by-product
of projectiles striking at random angles, and that no additional formation mechanisms are needed. °c 2000 Academic Press
Key Words: impact processes; Mars, surface; Moon, surface; Venus,
surface.

Asteroids or comets striking planetary surfaces generally produce circular impact craters, even when those objects hit at angles substantially off vertical (Melosh 1989). Elliptical impact
craters are produced when impact angles are low relative to the
horizontal. These results have been verified by laboratory experiments consisting of small aluminum and pyrex spheres shot at
several km/s into sand or aluminum targets (Gault and Wedekind
1978, hereafter GW78; Christiansen et al. 1993, hereafter C93;
Burchell and Mackay 1998). GW78 found that projectiles shot at
angles 4.75◦ from the horizontal or lower into sand targets produce craters which are at least 1.1 times as long as they are wide.
We refer to these values as a crater’s “ellipticity” (ε), defined as
the quotient of its maximum and minimum rim-to-rim diameters. Incidence angles >4.75◦ produce less elongated craters,
with the transition between circular and elongated craters occurring somewhere near 10◦ .
C93 found that projectiles shot into aluminum at angles <25◦
from the horizontal produce elliptical craters. This higher threshold angle suggests that target (and projectile) material properties can affect crater ellipticity, often in complex ways (Burchell
and Mackey 1998). Since sand is considered a better analog to
terrestrial planet surfaces than metal for understanding gravitycontrolled excavation from an impact site (e.g., Melosh 1989),
GW78’s results alone have been used to understand elliptical
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FIG. 1. Martian crater formed by oblique impact. The crater is located at
25◦ latitude, 97.5◦ longitude. It is 35 × 18 km in diameter, giving it an ellipticity
ε = 1.9. Note the crater’s central ridge and well defined butterfly-wing ejecta
pattern above the crater. The part of the ejecta blanket below the crater has been
covered by a volcano and a lava channel. This crater is SL82, No. 37.

crater formation. Thus, the accepted threshold angle for elliptical crater formation (ε ≥ 1.1) has been <4.75◦ . An example of
such a crater can be found in Fig. 1; comparable elliptical craters
have been observed on all of the terrestrial planets.
The crater in Fig. 1 also has an ejecta blanket shaped like a
“butterfly-wing.” GW78’s laboratory experiments suggest these
ejecta blankets are produced at impact angles <10◦ , with the
wings perpendicular to the symmetry axis lying along the impact trajectory. Since this threshold angle is higher than the angle needed for forming an elliptical crater, some nearly circular
craters will have butterfly-wing ejecta blankets as well.
Survey results show that elliptical craters on Mars are much
more likely to have butterfly-wing ejecta patterns than elliptical craters on the Moon and Mercury. On the Moon, the crater
Messier (14 × 6 km) is the only elliptical crater its size or larger
with a distinctive butterfly-shaped ejecta blanket (Schultz and
Lutz-Garihan 1982) on the lunar maria. The preponderance of
butterfly ejecta patterns on Mars is difficult to interpret. One possibility is that Mars had more low-angle impactors striking its
surface than other planets. Another possibility is that the martian
surface or atmosphere has some property which helps produce
(or preserve) butterfly-shaped ejecta blankets.
To better understand this issue, Schultz and Lutz-Garihan
(1982, hereafter SL82) examined martian craters larger than
5 km for high ellipticity values, butterfly-wing ejecta patterns,
and other signs of oblique impactors. They found several martian
surfaces with high fractions of elliptical craters: Lunae Planum
(5 ± 0.4%), Syrtis Major Planitia (3 ± 0.5%), and the cratered
plains near Uranius Tholus (8 ± 0.4%). Overall, SL82 estimated
that ∼5% of Mars’s large craters had substantial elongation
and/or butterfly-shaped ejecta blankets.
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SL82 noted this outcome is hard to reconcile with GW78’s
threshold angle for elliptical crater formation (≤4.75◦ to get
ε ≥ 1.1). Since the probability of randomly flying particles impacting a planet at ≤θ (an angle measured from the horizontal) is
sin2 θ (Shoemaker 1962), the fraction of projectiles striking Mars
at θ ≤4.75◦ should only be 0.7%. Thus, the observed fraction of
martian elliptical craters (∼5%) is much larger than predicted.
There are several possible ways of explaining this apparent
excess. (i) There are fewer elliptical craters on Mars than suggested by SL82. (ii) The laboratory experiments used to determine the threshold angle needed to produce elliptical craters are
not applicable to kilometer-sized projectiles. (iii) The excess is
real and the impact population had anisotropic impact angles.
SL82 suggested that if (iii) were correct, the elongated crater
population on Mars might have been enhanced by an ancient
population of moonlets which spiraled inward under the influence of tidal forces and atmospheric drag to strike the planet at
shallow angles.
In this paper, we will examine each of these potential solutions. For (i), we reexamined the portion of the SL82’s elliptical
crater set found within ∼48◦ of the equator and compared it to
an independent survey (Barlow 1988) and to two new crater surveys performed on the Moon and Venus. (Section 2). For (ii), we
used results of laboratory impact experiments to reformulate the
threshold impact angle for producing markedly elliptical craters
(Section 3). For (iii), we numerically modeled SL82’s “spiraling
moonlet” scenario, since it provides the best alternative explanation for an excess of elliptical martian craters (Section 4).
Finally, we summarize our conclusions (Section 5).
2. THE ELLIPTICAL CRATER POPULATION ON MARS,
VENUS, AND THE MOON

Here we examine the fractions of elliptical craters on several terrestrial planets. Similar fractions would imply that impactor populations probably had isotropic impact angles and that
elliptical crater formation processes are similar across the terrestrial planets. The abundance of butterfly-shaped ejecta blankets on Mars might then be explained as some interaction between Mars’s surface or atmosphere during crater formation.
Dissimilar fractions of elliptical craters would imply that impact angles were anisotropic for some impacting populations, or
that crater formation processes are a stronger function of planetary surface properties than previously believed. Either reason would provide a natural explanation for why Mars has a
large fraction of butterfly-wing ejecta blankets surrounding its
craters.
2.1. Reexamining Mars’s Elongated Crater Population
In order to check the elliptical crater survey of SL82, we
reexamined their listed craters using the criteria listed in their
text. Specifically, they sought craters with characteristics similar to those formed in oblique angle laboratory impacts (≤5◦ ;
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ε ≥ 1.1) or observed in the lunar crater Messier. Diagnostic
features included crater ellipticity and some combination of
the following features: butterfly-wing ejecta blankets, saddleshaped rims, and median floor ridges. We refer to these crater
types here as “elliptical-plus” craters. Elliptical craters having
less than two of these features were supposed to be excluded
from SL82’s survey. To eliminate potential secondary craters,
SL82 excluded craters smaller than 3 km near recent major impacts and those with characteristic herringbone patterns. Doublet, multiple, or irregular craters in the same region which
lacked the butterfly ejecta pattern were also excluded.
Overall, SL82 identified 176 elliptical-plus craters with minor axis diameters larger than 3 km between latitudes ±65◦ .
Most were found lying between ±50◦ , far from polar regions
where erosion rates can more readily erase ejecta blankets and
other features. The locations of these craters were presented
in SL82’s Appendix A. A reinvestigation of these craters for
this paper, however, indicates that several craters were placed in
the wrong category. For example, several circular craters with
butterfly-wing ejecta blankets were listed in Appendix A. According to SL82’s selection criteria, these craters should have
been excluded.
As a consistency check, we examined an independent crater
survey. Barlow (1988, hereafter B88) has surveyed the martian
crater population and recorded crater ellipticity. She identified
212 craters larger than 2 km with ε ≥ 1.2 between latitudes ±75◦ .
Most of these craters are larger than SL82’s 3-km cutoff diameter. (Note: To be conservative, we chose ε ≥ 1.2 as our cutoff rather than SL82’s ε ≥ 1.1, since many of B88’s craters are
eroded enough that they lack the diagnostic features of SL82’s
elliptical-plus craters).
To examine the craters, we used the on-line Mars Multi-Scale
Map website (C. J. Hamilton, pers. commun. 1998), which contains Viking images between latitudes of ±47.5◦ . This area included about 90% of SL82’s listed craters, acceptable for our
purposes. Craters from either survey that were outside this region were excluded from this study. We found only 42 craters
that were common to both SL82 and B88. These craters generally had large ellipticities and sharp features. Identifying the
remaining craters was difficult and subjective since many were
degraded or only marginally elongated.
We consider it plausible that some of SL82’s 176 and B88’s
212 elliptical craters were produced by postimpact modification
effects. Potential mechanisms include: crater wall collapse, erosion, and faulting. To filter out such effects, and to account for
possibly misclassified craters, we grouped SL82 and B88 craters
into four subjective categories: “Likely,” “Possible,” “Unlikely,”
and “Omitted”:
Likely. These craters have ε ≥ 1.1 for SL82 craters or ε ≥ 1.2
for B88 craters with (a) little to no apparent erosion, (b) possible central ridge, and (c) butterfly ejecta blanket. Characteristic
(c) is not seen in every crater in this category. Figure 2 is an example (SL82 crater No. 107). Note its elliptical shape, the clear
central ridge, and its ejecta “wings.”

FIG. 2. “Likely” oblique impact crater located at −18◦ latitude, 72◦ longitude. Its dimensions are 18 × 15 km, yielding ε = 1.1. Note the strong butterflywing ejecta blanket just like that seen in Fig. 1. This crater is SL82, No. 107.

Possible. These craters have ε ≥ 1.1 for SL82 craters or
ε ≥ 1.2 for B88 craters, with minor to medium levels of erosion, faulting, or crater wall collapse. We classified Fig. 3 (B88
crater No. 107) as a possible oblique impact. Though the feature
is elongated, it has undergone significant alteration, which may
or may not have affected its ellipticity.

FIG. 3. “Possible” oblique impact crater located at −12◦ latitude, 48◦
longitude. Its dimensions are 17 × 13 km, yielding ε = 1.4. Since part of the
crater is truncated by the canyon, we do not classify it as Likely. This crater is
B88, No. 107.
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FIG. 4. “Unlikely” oblique impact crater located at −31◦ latitude, 272.5◦
longitude. Its dimensions are 13 × 5 km, yielding ε = 2.6. This feature is not
an elliptical crater at all, but instead a doublet crater produced by two asteroids
impacting Mars simultaneously. Note the shared crater wall. If the two craters
had formed at different times, one crater’s morphology would distinctly overlap
the other. This crater is SL82, No. 163.

Unlikely. These craters have ε < 1.1 for SL82 craters or
ε < 1.2 for B88 craters, with (a) high levels of suspected erosion,
(b) another suspected formation mechanism (i.e., doublet craters,
faulting), or (c) poor image quality. Erosion was the typical reason that craters were placed in this group. Fig. 4 (SL82 crater
no. 163) is clearly not an elliptical crater. We interpret it to be a
doublet crater formed by the impact of a binary asteroid (Bottke
and Melosh 1996a,b). Comparable doublets have been found
on all other terrestrial planets. We cannot rule out the possibility, however, that this doublet is attributable to an oblique impact
with downrange decapitation of the impactor (Schultz and Gault
1990a).
Omitted. Craters were omitted when (a) their minimum diameter was smaller than 5 km; crater counts may only be complete to 5 km diameter (B88), (b) we were unable to find them
at the referenced location, (c) they fell outside our latitude limitations, or (d) they were indistinguishable from surrounding
circular craters in the field (i.e., the image in the Mars MultiScale Map was taken from an oblique angle, such that all of the
craters in the field look elliptical). The last effect occurred most
often at high latitudes.
The results of our survey and reanalysis is as follows. Out of
a set of 346 craters (no overlaps), 102 were Likely, 121 were
Possible, 28 were Unlikely, and 95 craters were Omitted (see
Appendix A). Thus, 223 craters could be classified as Likely or
Possible. Figure 5 shows the ellipticity of these craters plotted
against their minimum diameter.
Calculating the global fraction of martian elliptical craters is
impossible without first compensating for observational selection effects. Circular and elliptical craters have formed throughout martian history, but volcanism, tectonics, impacts, and
erosion work to eliminate these features and to distort initially
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circular craters. This creates a dichotomy of hard-to-interpret
cratered surfaces, with surveys biased toward detecting large
old craters (which are too big to erase) and fresh young craters
(which have not yet had time to be erased). For example, the
dataset produced by B88 suggests that there are ∼31,000 craters
with diameters ≥5 km between latitudes ±47.5, but that many
of them are highly degraded. Thus, while B88’s survey is complete, it cannot include the number of craters which have been
obliterated over time.
To overcome these obstacles, SL82 counted diameter D >
5 km craters on several ridged plains units (e.g., Lunae Planum,
Syrtis Major Planitia) which are young and fresh. They then applied the derived fraction of elliptical-plus craters found there to
the rest of Mars. SL82 found that Lunae Planum and
Syrtis Major Planitia have 5 ± 0.4% and 3 ± 0.5% elliptical-plus
craters, respectively. Unfortunately, no absolute crater counts
in these regions were given, so we are unable to explicitly
duplicate their work without an extensive survey of our own.
We can, however, use our results to verify SL82’s accuracy.
B88’s database indicates that the number of D > 5 km craters on
Lunae Planum is 128, while the number on Syrtis Major
Planitia is 207. Using our elliptical crater database (Appendix
A), we find five Likely or Possible elliptical craters in each region. Since the total number of elliptical craters in each region
did not change from SL82’s estimates, we believe we would rederive SL82’s estimated proportion of martian elliptical craters
(∼5%) if we had their crater counts and the exact sizes of the
regions they surveyed. Using B88’s D > 5 km data alone, we estimate that Lunae Planum and Syrtis Major Planitia have 3.9 and

FIG. 5. Minimum crater diameter (km) plotted against ellipticity ε (ratio
of maximum-to-minimum crater diameter) for 102 Likely craters (circles) and
121 Possible craters (triangles).
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2.4% elliptical craters, respectively, in general agreement with
SL82’s results.
2.2. Survey of Elliptical Craters on the Lunar Mare
As far as we can know, elliptical (rather than elliptical plus)
craters have not been surveyed on any terrestrial planet besides
Mars. SL82 only describe a search for elliptical-plus craters.
Unfortunately, without additional data, it is impossible to determine whether Mars’s fraction of elliptical craters is typical
or anomalous. To resolve this issue, we surveyed the sparsely
cratered Lunar maria for elliptical craters using the selection
criteria discussed above.
On the Maria, impact craters larger than a few kilometers tend
to be distinct and relatively unmodified by other impact craters.
We limited our survey to ε ≥ 1.2 craters several kilometers in
diameter or larger, mainly to avoid biasing our sample with secondaries. Craters in obvious rays, in nearby but nonmare terrain,
and those which had been deformed by subsequent impacts or
basaltic flooding were excluded.
Regions investigated included Mare Tranquillitatis, Mare
Nectaris, Mare Vaporum, Mare Nubium, the east half of Mare
Serenitatis, the west half of Mare Humorum, and parts of
Oceanus Procellarum. For the last region, areas in the immediate vicinity of craters Copernicus and Kepler were excluded.
More precisely, we studied Lunar Orbiter IV images 53, 54,
60, 61, 66, 72, 73, 77, 78, 85, 86, 90, 97, 113, 114, 120, 121,
126, 133, 138, 144, 149, 150, 156, 157, 162, and 169. Crater
lengths and widths were measured using the NIH Image software
package.
A total of 932 craters were measured, with the smallest being
2.3 km and the largest being 89 km (see Fig. 6). The surface was
pristine enough that few craters were placed into the Unlikely
category. Our results showed that 50 of the 932 craters (5.4%)
were elliptical. This fraction does not change significantly with
size; the subset of craters larger than 20 km in diameter has nearly
the same percentage of elliptical craters. This indicates that our
results have not been contaminated significantly by secondaries.
The maximum ellipticity found among the 932 craters is 2.23.
We found no butterfly-shaped ejecta blankets among our sample.
We conclude that even though the Moon is deficient in butterflyshaped ejecta blankets relative to Mars, it has about the same
fraction of elliptical craters as observed on Mars.
2.3. Survey of Elliptical Craters on Venus
We have also performed a preliminary survey of venusian
elliptical craters. Venus’s crater record is more difficult to interpret, since Venus’s dense atmosphere causes some projectiles (especially small ones) to break up prior to impact. Factors
such as the projectile’s size, trajectory, velocity, composition,
and internal structure determine whether the body can stay together long enough to form a “standard” crater or whether it disrupts and disperses, producing an irregular crater, a crater field,
or no crater at all. Thus, we expected to see fewer big elon-

FIG. 6. Minimum crater diameter (km) plotted against ellipticity for 932
craters on the Lunar Maria. The smallest crater on the plot is 2.3 km. Note that
to avoid observational selection effects, only the craters with ellipticities ε ≥ 1.2
(dotted line) are considered elliptical.

gated craters than small ones, since big asteroids and comets
are the least likely to suffer significant deformation in Venus’s
atmosphere. For our survey, we used crater images produced
using Magellan’s synthetic aperture radar. Coordinates and information on each Venusian craters can be found on-line at the
U.S. Geological Survey (Schaber et al. 1998) and at the Lunar
and Planetary Institute in Houston (R. Herrick, pers. commun.
1998).
Unfortunately for our purposes, Magellan CD images have
been mapped using a sinusoidal projection, which keeps areas
true but distorts features far from the central meridian. Remapping all the images using a Mercator projection, which distorts
areas but keeps shapes more-or-less true, was deemed too laborintensive for available student work time. To make the project
more manageable, we broke our survey into two parts.
For the first part, we measured the elongation of 854 sinusoidally projected venusian craters, excluding those which were
either highly degraded or clearly produced by multiple impacts.
The smallest measured crater was 1.7 km, while the largest was
268.7 km. Our goal was to filter out most of the circular or nearly
circular craters from the database; we consider it unlikely that
many elongated craters distorted by a sinusoidal projection were
turned into nearly circular craters. Our results showed that 185
of the 854 (22%) sinusoidally projected craters had major-tominor axis ratios ≥1.2. This fraction drops to 14% (43 of 303)
for craters with diameters D ≥ 20 km and then stays more-orless constant for larger values of D. We interpret this to mean
that aerodynamic breakup does not affect the final crater shape
of most D ≥ 20 km craters.
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For the second part, we used Magellan image headers and
IDL software to calculate true diameters for the sinusoidally
projected elongated craters found in the first part. This step was
time-consuming enough that we were only able to remeasure
75 of the 185 craters described above. The measured 75 craters
had D between 7.0 and 72.5 km. Of this set, we determined that
only 23 were actually elliptical (about 30%). The maximum
ellipticity of the 23 craters was 1.51.
The true diameter (TD) data can be used to scale results from
our sinusoidally projected (SP) crater data: (185 SP elliptical
craters/854 SP craters) × (23 TD craters/75 TD craters) = 6.6%
elongated craters over all sizes, while (43 SP elliptical craters/
303 SP craters) × (23 TD craters/75 TD craters) = 4.4% elongated craters for D > 20 km. The latter value is more appropriate
for comparisons with the other terrestrial planet crater populations, and we find it a good match with the ∼5% elliptical crater
fraction found on Mars and the Moon.
Note that many of our craters had irregularly shaped ejecta
blankets, possibly, in some cases, similar to butterfly-shaped
ejecta blankets on Mars. We hope to address this issue further
in the future.
2.4. Summary of Crater Surveys
Mars, Venus, and the Moon all share roughly the same fraction
of elliptical craters. This makes it unlikely that a unique population of low-angle impactors struck on Mars. It does suggest,
however, that Mars’s surface or atmospheric properties may, in
some unknown way, be enhancing or protecting its population
of butterfly-shaped ejecta blankets. We speculate that the process might be related to a mechanism which produces the lobed
appearance of most of the ejecta blankets on Mars. Further study
of this issue using laboratory impact experiments would be beneficial.
Since crater surveys themselves cannot explain the difference
between the estimated elliptical crater populations and experimental predictions, we suggest that some other factor must be
responsible. In the next section we will explore whether data
from various laboratory impact experiments can explain the contradictory results.
3. A SIMPLE MODEL RELATING IMPACT
AND CRATER GEOMETRIES

In this section, we use experimental data to generate a zerothorder model describing the formation of elliptical craters. We use
this procedure because existing documentation of the complex
processes producing elliptical craters is mostly descriptive and
does not readily lend itself to models. Accordingly, we simplify several real physical mechanisms while assuming that laboratory-derived relationships between crater ellipticity and projectile impact angle are reasonable when scaled to planetary
craters. Our empirical model, however, is based on and is consistent with all of the presently available laboratory work on the
topic.
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Our procedure is described below. In Section 3.1, we discuss how impact angle, target strength, and crater ellipticity
are qualitatively related. In Section 3.2, we develop a simple
relationship between impact angle and crater ellipticity using
the latest experimental data. In Section 3.3, we estimate the
size of crater made by a projectile hitting Mars, and, finally, in
Section 3.4, we bring together our estimates and describe our
results.
3.1. “Line Charges” and the Formation of Elliptical Craters
The first part of our simple model makes use of a semiquantitative impact-explosion analogy (e.g., Melosh 1989) in which
the projectile is treated as an explosive charge. An explosion
digs a circular crater many times larger than the charge, which
is often approximated as a point source.
To model the formation of an elongated crater, we envision
the oblique impact as a linear explosive charge which excavates
an elongated trench. The ellipticity ε of the trench is determined
by the length of the line charge (L) in relation to the size of the
final crater (Dc ). In the limiting case where L ¿ Dc , the line
charge can be approximated as a point source producing a nearcircular crater with ε → 1. In the other extreme, where L ≈ Dc ,
(imagine the crater made by a 1-km-long, 1-cm-wide stick of
dynamite), ε → ∞.
To clarify this issue, we use the following thought experiment. Suppose a 10-m “bomb” were capable of making a circular crater 100 m across. Reshaping the bomb into a line charge
10 × 20 m with the same explosive power as before might make
a crater 100 × 110 m (ε = 1.1). Use of a stronger line charge
would decrease the crater’s ellipticity, since the charge would
be more like a “point source” in relation to the crater size.
If the 10-m bomb now made a 200-m crater, a 10 × 20-m
line charge would make a crater 200 × 210 m (ε = 1.05). Conversely, a weaker line charge would increase the crater’s ellipticity.
We extend this analogy to elongated impact craters by noting
that in an oblique impact, the projectile’s “footprint” on the target
surface is an ellipse with an axis ratio of 1/sin θ , where θ is
the impact angle measured from horizontal. (This result follows
readily from geometry.) The fact that the ratio of crater diameter
over projectile diameter decreases with shallower impact angles
has been noted elsewhere as well (Schultz and Gault 1990b,
Schultz 1990). Thus, if factors like crater depth can be ignored,
the footprint of the elongated projectile is roughly analogous to
a linear explosive charge. (We caution, however, that this model
does not accurately treat downrange sibling craters made by
spalled projectile fragments). This rule of thumb, together with
the idea that larger crater-to-projectile size ratios make elliptical
crater formation more difficult, will be used in the next section
to interpret experimental data.
3.2. Experimental Data on Oblique Impacts
The second part of our simple model draws upon measurements of experimental oblique impact craters drawn from the
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angles (corresponding to much more elongated projectile footprints) are needed to produce distorted craters in sand than in
aluminum.
Next, we use the dependence of the elliptical crater threshold
angle on the vertical impact crater-to-projectile diameter ratio to
estimate the threshold angle θET (elliptical threshold) for Mars.
To do so, we first fit a power-law to the two available pairs of
data for crater-to-projectile diameter ratio and threshold angle
for elliptical crater production: (4.7, 25◦ ) from C93 and (61,
4.75◦ ) from Gault et al. (1974) and GW78. This technique is used
with some trepidation, since planetary surfaces are most likely
neither sand nor aluminum, but it must suffice in the absence
of additional appropriate data or theoretical underpinning. The
result is:
µ

◦

θEt = 68.1

FIG. 7. Crater ellipticity vs impact angle, plotted for the laboratory impact experiments of GW78 (open squares) and C93 (solid circles). GW78 fired
aluminum and pyrex spheres into sand targets at 6.4 km s−1 , while C93 fired
aluminum spheres into aluminum targets at 6.5–7.0 km s−1 . A log–log plot is
used to display power-law slopes.

literature. GW78 and C93 fired projectiles into sand (GW78) and
aluminum (C93) targets at various angles. The results (crater ellipticity as a function of impact angle) are summarized in Fig. 7.
As expected, craters are circular at steep impact angles and become increasingly elongated at shallow angles. Within uncertainty (which is large because GW78 only have two data points
with ε > 1.0), the dependence of ellipticity on impact angle for
elliptical craters follows the same ∼θ −1 power law in both studies. There is, however, a significant difference in the threshold
angle for producing markedly elliptical craters: 4.75◦ for GW78
versus 25◦ for C93. This mismatch reveals that the threshold angle varies dramatically if the conditions of impact are changed
and calls into question the assumption that centimeter-scale laboratory sand targets are an adequate analog for kilometer-scale
planetary surfaces.
We now return to the impact–explosion analogy which, as
noted above, suggests that crater ellipticity depends on the craterto-projectile diameter ratio Dc /Dp . C93 report that, for vertical
impacts of aluminum projectiles into aluminum targets at 6.5
to 7.0 km s−1 , the crater diameter is ∼4.7 times the projectile
diameter. Gault et al. (1974) show a ratio of ∼61 for the vertical
impact of an aluminum projectile onto sand at the 6.4 km s−1
speed used by GW78 for their threshold elliptical crater. Craters
in sand are thus more than an order of magnitude larger than
craters in aluminum caused by identical impactors, as expected
given the difference in strength between the two target materials. If our line-charge model is correct, much shallower impact

Dc
Dp

¶−0.648

.

(1)

Some caveats should be mentioned. The use of three-figure accuracy in Eq. (1) is not warranted, but these are the values we used
for later calculations. We also caution that planetary topography
will add additional uncertainty to this threshold value (Schultz
1990). This model also ignores material properties and absorbs
variables like density contrast and velocity into the Dc /Dp ratio. Thus, Eq. (1) is certainly a simplification, but it matches all
available observations.
3.3. Crater Sizes: Estimates from Scaling Laws
To get θET from Eq. (1), we first must estimate Dc /Dp . Crater
diameter (Dc ), however, depends on many factors: projectile diameter, target strength, projectile and target densities, impact
velocity, and target gravity (Melosh 1989). High-velocity laboratory shot experiments are often used to estimate Dc /Dp , since
impact geometry as well as target and projectile properties can be
controlled. Scaling laws derived from these experiments allow
for interpretation of the crater records of planetary surfaces.
Currently, pi-group scaling laws yield the best fit relationship
between laboratory impact experiments and hydrocode calculations (e.g., Holsapple and Schmidt 1982, summary in Melosh
1989). This technique combines the physically relevant parameters in an impact-crater event, such as transient crater diameter
Dat , impact velocity V , target and projectile densities ρt and ρp ,
target strength Y , planetary gravity g, and projectile mass M into
a number of dimensionless ratios which can be measured experimentally. The functional dependence of these values can then
be determined by keeping all but the parameters of interest constant. Pi-group scaling has successfully been used to compare
craters with similar dimensionless parameters, even though the
impact events themselves had differing velocities, sizes, gravitational accelerations, and target strengths.
This procedure is simplified considerably if one assumes that
the target and projectile densities are the same, the projectile is
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spherical, and the craters are formed in the gravity regime. The
transient crater diameter (before post-impact modifications take
place) can then be estimated from
−β

πD = CD π2 ,

(2)

with
µ
πD = Dat

ρt
M

¶
(3)
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from the GW78 data. Thus, our analysis suggests that there is
no overabundance of elliptical craters on any of the terrestrial
planets.
As a related aside, we mention that increasing the projectile
size decreases the ratio Dc /Dp . For example, a 5-km asteroid
striking Mars has a Dc /Dp ratio near 10. This change increases
θET to ∼15◦ , enough to suggest that large impactors may have
larger ellipticities. Though Fig. 5 suffers from small number
statistics near 50 km, such large craters do appear to be more
elongated than smaller ones.

and
4. A TEST OF THE SPIRALING MOONLET HYPOTHESIS

1.61gdp
.
π2 =
V2

(4)

Here, dp is the diameter of the projectile, while CD and β are
experimentally determined constants, which, for a target of competent rock or saturated soil, are 1.6 and 0.22, respectively. By
substituting into Eq. (2) and reorganizing, the transient crater
diameter relation (Dat ) is
µ
Dat =

M
ρt

¶1/3 µ

1.61gdp
V2

¶−β

.

(5)

This equation is appropriate for impactors striking perpendicular
to the surface. Final rim-to-rim crater sizes are ∼25% larger than
the transient crater diameter (Melosh 1989), so our final crater
size Dc is
µ

M
Dc = 1.25
ρt

¶1/3 µ

1.61gdp
V2

¶−β

.

(6)

3.4. Estimating Threshold Angles for Elliptical
Crater Formation
Using Eq. (6), one can determine Dc /Dp for asteroids hitting
competent rock (or saturated soil) on Venus, Mars, and the Moon.
We estimate that a 1-km asteroid, with a density of 2500 kg m−3 ,
striking at a vertical impact velocity of 19, 12, and 13 km s−1 ,
respectively (the expected average impact velocity of asteroids
crossing the orbit of Venus, Mars, and the Moon, as determined
by Bottke et al. (1994)), should create a crater roughly 15, 15,
and 19 km across, respectively. Inserting Dc /Dp into Eq. (1),
we find that θET for Venus, Mars, and the Moon is 12◦ , 12◦ , and
10◦ , respectively. Assuming the usual sin2 θ probability distribution for random impact angles, we predict that between 3 and
5% of craters on these planets should be markedly elongated
(ε ≥ 1.1).
The above result compares favorably with the ∼4–5% elliptical craters found in the various surveys described in this
paper, but contrasts strongly with the 0.7% value derived solely

Finally, we address SL82’s proposal that small moons orbiting
in Mars’s equatorial plane could have spiraled inward and struck
at oblique angles, thereby causing an excess of elliptical craters.
If true, Phobos and Deimos are the last survivors of a population
of satellites which evolved inward by tidal drag until reaching the martian atmosphere. Support for this scenario comes
from Phobos itself, which is tidally decaying rapidly enough
that it will collide with Mars within the next 40 Myr (Burns
1992).
We tested the spiraling moonlet scenario as follows. Presumably, tidal forces over long time scales (∼105 –106 years) drag
Phobos-like moonlets into Mars’s atmosphere. At that point,
aerodynamic drag becomes the dominant evolution mechanism,
causing them to spiral inward quickly (hours to days, depending on the atmospheric density) until they hit the surface. Large
moonlets, which are less susceptible to aerodynamic drag than
small ones, should strike at shallower angles. Thus, a correlation
between crater size and ellipticity should be evident in the resultant crater population, provided that Mars’s atmospheric density
was large enough to substantially modify the impact trajectories
of the moonlets.
By numerically modeling the evolution of spiraling moonlets,
we attempted to quantify this prediction. Our procedure consisted of three steps. First, we tracked the orbital evolution and
impact trajectories of various sized moonlets in Mars’s early atmosphere (Section 4.1). Next, we related the moonlet’s impact
angle to crater ellipticity using pi-group scaling theory and a
model relating impact angle to crater shape (Section 4.2). Finally, we estimated the minor diameter of each crater (Dmin )
using experimental data so we could compare our model results
to the survey results (Section 4.3).
4.1. Modeling the Orbital Decay and Impact
of Spiraling Moonlets
4.1.1. Equations of motion for atmospheric entry. To track
the orbital decay and impact trajectories of moonlets of various
sizes entering Mars’s early atmosphere, we integrated the equations of motion for atmosphere flight (e.g., Passey and Melosh
1980, Love and Brownlee 1991). We briefly review them here.
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Upon entering an atmosphere, air molecules strike a projectile
(assumed to be spherical), slowing it down and heating it while
gravity reorients its trajectory toward the planetary surface. A
bow shock forms in front of the projectile. The gas pressure
there is
P ∼ ρatm v 2 ,

(7)

where ρatm is the density of the atmosphere and v is the velocity
of the projectile (Melosh 1989). The pressure behind the projectile is negligible. The drag force on the projectile can be written
as
Fdrag = PA = −Cdrag ρatm Av 2 v̂,

(8)

where A is the cross-sectional area of the projectile. The momentum change in a small time step dt is equal to the mass
encountered times the relative velocity, plus a gravitational
term,
¡
¢
dp = mg − Cdrag ρatm Av 2 v̂ ,
(9)
where Cdrag is a drag coefficient. Cited values for Cdrag range
from ∼1.7 for a cylinder to 0.5 for a sphere (Hoerner 1965).
We split the difference and choose Cdrag = 1 for our moonlets is
limited by uncertainty in Cdrag . Expressing Eq. (9) in terms of
v, we get
Ã
!
ρatm v 2
dv = g − 0.75
v̂ dt,
(10)
ρpr
where the spherical projectile’s radius r and density ρp are now
shown.
4.1.2. A simple early martian atmosphere. SL82 grouped
their “elliptical-plus” craters in term of preservation state of the
ejecta, which they took to be diagnostic of crater age. The “4”
and “5” craters in their Appendix A, generally the craters with
diameter >20 km, were considered to be the oldest. If this set
of elliptical craters is more than 3.8 Gyr old, as is suggested
by SL82, it is probable they were formed when Mars still had
a thick, dense atmosphere (Owen 1992). To model this early
atmosphere in our simulation, we assumed (i) it was primarily
composed of CO2 , like the current atmosphere, and (ii) that the
surface pressure and temperature were high enough to maintain liquid water on the surface (∼1 bar and 273 K, respectively;
Fanale et al. 1992). Using these values, we estimated that an early
martian atmosphere would have had a scale height H = 13.8 km
and a surface atmospheric density ρatm = 2.1 kg m−3 . The density of the martian atmosphere at different altitudes is
ρ(z) = ρatm e−(z/H ) ,

(11)

where z is the height above sthe surface (Chamberlain and
Hunten 1987). Equation (11) can be used in Eq. (10) to obtain
the drag force on the projectile.

Table I
Results for “Spiraling Moonlet” Model
Dmoonlet
(km)

θ
(◦ )

Dca
(km)

θETb
(◦ )

εc

Dmind
(km)

0.2
0.5
1
2
5
10
20
50

10.4
6.9
5.2
4.0
2.8
2.2
1.7
1.2

2.46
5.03
8.64
14.8
30.3
52.0
89.3
183

14.2
16.1
17.7
19.5
22.1
24.3
26.8
30.4

1.6
2.8
4.1
5.8
9.5
13.2
18.9
30.4

1.83
2.65
3.58
4.95
7.44
10.4
(14.3)
(21.7)

a From Eq. (6). Crater diameters for vertical impact at 3.5 km s−1 , used for
calculating θET .
b From Eq. (1).
c From Eq. (12).
d From Eq. (13). The two values in parentheses correspond to crater diameters
less than the projectile diameter, indicating that Eq. (13) is no longer a valid
approximation.

4.1.3. Impact angles for spiraling moonlets. To track their
orbital decay of each moonlet, we integrated Eq. (10) using
a fourth-order Runge–Kutta numerical integrator (Press et al.
1989). The flight of the projectile in our code was two-dimensional to account for the curvature of Mars and its atmosphere.
Each moonlet was given a density of 2500 kg m−3 and a size
between 200 m and 50 km. We started them on circular orbits
100 km above the surface, presumably where atmospheric drag
takes over from tidal drag, and followed them until they crossed
Mars’s surface, where impact angles were computed. We chose
an integration time step of 10 s. Smaller time steps did not change
the final results.
Our results show, as expected, an inverse correlation of impact angle (measured from the horizontal) with projectile size
(Table I). This relationship is readily understood by considering
the bodies’ ballistic coefficients: larger moonlets (with a greater
ratio of mass to cross-sectional area) are less deflected from their
original paths by air drag than are smaller ones. Comparable relationships are expected for different model atmospheres and
projectile properties.

4.2. Relating Impact Angle to Crater Ellipticity
We now find a relationship between impact angle (θ ) and
crater ellipticity (ε). The process is not straightforward. Each
moonlet in Table I hit Mars with a different θ and impact velocity, complicating comparisons with (i) laboratory data, which
used a nearly constant impact velocity near 6.5 km s−1 , and
(ii) θET , which uses Dc /Dp values calculated for vertical impacts. To begin the calculation, we found crater sizes for projectiles hitting Mars at a vertical impact velocity of 3.5 km
s−1 , the approximate speed of an orbiting moonlet hitting
Mars.
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Using Eq. (6), we calculated crater sizes for each projectile
size (Table I, third column). The ratio of the third and first
columns yielded Dc /Dp , which we used with Eq. (1) to get
θET (Table I, fourth column). Crater ellipticity ε was then derived from the actual impact angle (θ) using relationships analogous to the ones illustrated in Fig. 7, but adjusted for the different θET for typical Mars impacts. Recall that Fig. 7 shows
that the GW78 and C93 data sets have power-law slopes near
−1 when ε > 1.0. Expressing that relation in equation form,
we got
¾
µ ¶
θEt
, 1.0 .
ε = max 1.2
θ
½

(12)

The results of Eq. (12) for impacts on Mars are listed in the fifth
column of Table I. The uncertainty in the numbers was estimated
from Fig. 7 at ∼20%.
4.3. Finding Crater Widths
To compare these ellipticity results with the survey data, we
had to estimate the minor diameter of each crater (Dmin ). Thus,
a relationship between impact angle and crater geometry was
needed. The best available data set for doing so is that of C93;
we use it despite the possibility that such experimental data may
not be applicable for kilometer-scale craters on Mars. We minimized the effects of size and materials, however, by examining

FIG. 9. The results from the martian “spiraling moonlet” orbital decay
hypothesis (Table I, open squares) are plotted against the 43 oldest Likely and
Possible craters from Schultz and Lutz-Garihan (1982) (i.e., their “4” and “5”
craters). The mismatch between the model results and the data is apparent,
suggesting that few elliptical craters on Mars were produced by this mechanism.

only relative geometrical parameters and avoiding direct reference to the kinetic and material properties of the projectile and
target.
Figure 7 shows that ellipticity increases with decreasing impact angle. So, by taking the C93 crater widths, scaling them
by the projectile diameter, and plotting them against ellipticity,
we found that major diameter grows and minor diameter shrinks
with decreasing impact angle, if all else is equal (Fig. 8). Using
a least squares fit, the C93 data exhibited the following geometrical relationship:
Dmin = Cε−0.625 ,

FIG. 8. The minimum diameter, or width, of each crater from C93 is scaled
by the projectile’s diameter and plotted against the crater’s ellipticity ε. The
solid curve was found using a least squares fit method. It has the functional form
y = 4.11x −0.625 .

(13)

where C is a constant (4.11 for the C93 data) and all other parameters are held constant. Note that this relationship does not
include the effect of local and regional slopes which can affect the impact angle. Since the global average regional slope
on all surfaces is zero, however, we expect that slope effect
would only introduce some additional scatter to the plotted
points.
Equation (13) matches the C93 data within 5% if C is set
equal to the diameter of the crater resulting from a vertical impact at the same speed (Table I, third column). By applying
this equation to martian craters, we are assuming that the geometrical interrelationships of all elliptical craters are the same,
even though different impact angles make craters of the same
ellipticity when particular circumstances are applied. Using the
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appropriate values from Table I, we use Eq. (13) to yield Dmin
(Table I, sixth column). The last two values of that column (corresponding to ellipticity values much larger than the maximum
observed) are smaller than the projectile diameter and are probably not meaningful. We estimate a ∼50% upper limit of the
uncertainty in each column.
The points defined by the leftmost two columns of Table I are
plotted in Fig. 9 along with the 43 oldest Likely and Possible
craters (“4” and “5” craters from SL82’s Appendix A). Note that
this plot also includes craters with minimum diameters ≤5 km
that were Omitted in Appendix A. Figure 9 shows that outcomes of the spiraling moonlet scenario does not match observations.
Using this model with Mars’s current low-density atmosphere
is also revealing. Our model suggests that large and small moonlets alike should strike Mars at impact angles less than 1◦ from
the horizontal. Based on the results from Table I, this should
create a population of extraordinarily elliptical craters. Such a
population is not observed. Thus, while we do not rule out the
possibility that a few singular events such as this have occurred,
we believe that spiraling moonlets did not produce a significant
fraction of elliptical craters on Mars.
5. CONCLUSIONS

Our study found that despite differences between cataloged
elliptical craters lists, the total number of elongated craters represent approximately 5% of the martian crater population, which
is reasonably close to the abundance measurements of previous
studies. This fraction matches comparable values obtained for
the Moon and Venus.
Interpolating between impact experiment data produced in
sand and aluminum, we derived new elliptical crater threshold
angles for Venus, Mars, and the Moon. Our results suggest that
θET ≤ 12◦ rather than ≤4.75◦ (GW78) provides a better match to
observations within uncertainty given a randomly flying projectile population. Our new value for θET yields an expected elongated crater abundance of 4%, which is close to the observed
value.
Tests of the spiraling moonlet hypothesis, an alternative way
to make elliptical craters, show a strong correlation between
minimum size and ellipticity which is not seen in the oldest
crater data. Thus, we believe that this additional mechanism
is unnecessary, though we do not rule out the possibility that
a small fraction of the martian elliptical crater population was
made this way.
APPENDIX A
For reference, we include our martian elliptical crater survey data derived
from SL82 and B88. These craters were designated Likely, Possible, and Unlikely according to the criteria described in Section 2.1. The table also includes
each crater’s index number (according to the SL82 or B88 surveys), latitude,
longitude, minimum and maximum diameter, and ellipticity ε. “B” stands for
B88, while “S” stands for SL82.

Martian Elliptical Crater Data
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